The stability of the intracellular milieu is protected by the plasma membrane, with its tightly modulated transport properties for ions and other water-soluble components. Some of these solutes have crucial signaling properties, and the cell has provisions to modify their concentrations, at various rates and under various spatial patterns.
The means that the cell applies toward modifying a solute concentration usually include intracellular membrane-delimited organelles of storage or production, plus other molecules, fixed or mobile, that bind the solute in question. While this note will reach conclusions applicable to any solute, it will be presented in reference to the most studied signaling molecule, the ion Ca 2? . The main storage organelle for Ca 2? is the sarco-endoplasmic reticulum, SR/ER, but other organelles may store it as well. Organelles and plasma membrane have various Ca 2? channels, as well as other transport molecules, and there are many molecules, mostly proteins, that are capable of reversibly binding the ion.
This note deals with the relative relevance of the plasma membrane versus the intracellular organelles and ligands in the long term maintenance of the cytosolic concentration of the solute. Its main goal is to state and demonstrate a simple, basic law of control, and then review some observations on muscle cells that appear to be in conflict with this law.
The basic law can be formulated as a theorem as follows:
An intracellular compartment, be it a soluble buffer, a fixed binding site, or an organelle, cannot determine in any direct way the final steady value of free cytosolic calcium concentration, [Ca 2? ] i . This value must be determined by exchanges with the outside, through the plasmalemma.
This law, which applies to free cytosolic-rather than total-[Ca 2? ] has been known for a long time. I first heard it from Tullio Pozzan (Univ. Padova) in a lecture in 1991. As early as the year 1984 Allen et al. [1] The equations state explicitly that these unidirectional fluxes are a function of the concentration in the compartments of origin and destination only (there is no action at a distance). The theorem will apply regardless of the functional form of the dependences, which can be complex. Equations 3 and 4 are formally isomorphic; therefore, it might be tempting to conclude that both the plasma and organellar membranes will determine the final balance. This conclusion is wrong because the equations differ in a crucial aspect. As stated above, [Ca As should be clear from the demonstration, the theorem only applies to the truly steady condition, which is seldom approximated during function in living animals. Instead, the condition is routinely satisfied in the periods of rest that occur in experiments on single cells (as during dissection, mounting, and initial equilibration of a skeletal muscle fiber, the establishment of the ''rested'' condition in a cardiomyocyte, or the times that follow initial whole-cell patching, when the experimenter waits for internal perfusion of the cell).
The true steady state becomes especially difficult to reach upon severe slowing of plasmalemmal transport, passive and active. In this case the consequences of changes in intracellular membranes or organelles will be especially pronounced and long-lasting. The theorem will eventually apply, but the characteristic times to reach steady concentration values may be much longer.
The theorem is applicable in general to every transported molecule in all tissues. Examples of applications are easily found in the fields of skeletal and cardiac muscle, where inheritable mutations of the SR Ca release channel, RyR, or the main SR Ca buffer, calsequestrin, result in diseases that in turn may course with alterations in [Ca 2? ] i . As stated initially, the theorem is often ignored when interpreting the pathogenesis of disease or results of experimental manipulations that change the transport properties of storage organelles. In part, this is due to the existence of paradoxical observations, which seem to imply direct control of steady [Ca 2? ] i by the SR. Two examples, which I call ''Lopez's paradoxes,'' stem from an influential series of studies by José López and colleagues (IVIC, Caracas, and Brigham and Women's Hospital, Boston). The first is the observation that the inheritable susceptibility to malignant hyperthermia (MH), linked (in humans and animal models) to mutations in the RyR of skeletal muscle, is accompanied by an increase in [Ca 2? ] i [2] . The second is the observation that increases in the abundance of isoform 3 of this Ca 2? channel are associated with an increase in [Ca 2? ] i in skeletal myotubes [3] . Both the mutated MH channel and the RyR3 isoform are known to be ''leakier,'' i.e., more easily and frequently opened than the WT RyR1 isoform. Both of these changes cause extra leak of Ca 2? from the SR of the affected cells, which appears to directly determine the increased [Ca 2? ] i in apparent violation of the cell boundary theorem.
An additional example is the recent discovery that a strain of mice engineered to lack calsequestrin 1, which is Changes in Ca 2? flux at the plasma membrane secondary to changes in the SR are by definition alterations of SOCE (store-operated calcium entry [5] ). SOCE must be altered in the examples above. Indeed, a steady depletion of the SR is expected to provide a strong stimulus for activation of the Ca 2? entry pathway, which would result, as observed, in steady increase in [Ca 2? ] i in the absence of other changes. In general, adjustments at the level of the plasma membrane should be expected whenever a change in ion buffering or storage is found to be associated with steady changes in cytosolic ion concentration. In fact, López and colleagues have now found such adjustments in both MH and models with altered RyR channels (P.D. Allen, personal communication), while J. Ma's laboratory has recently shown that silencing of calsequestrin in skeletal muscle is accompanied by an increase in SOCE [6] .
That SOCE must be invoked to explain long term changes in [Ca 2? ] i does not necessarily implicate the plasmalemmal channels involving Orai1 and activated by STIM1, which were recently identified within the classic store-operated pathway (e.g. [7] ). One alternative that does not require a separate class of channels is illustrated in panel B of Fig. 1 . A large clustering of Ca release channels may cause locally intense release (''leak'') flux (orange arrows) in the steady situation. If this leak is balanced by removal that is more intense in a subsarcolemmal region (blue arrows), the result may include standing gradients of [Ca 2? ] i , indicated by the curved arrow, which lead to an increased Ca 2? entry near the depleted subsarcolemmal region (yellow arrows). This unspecific form of SOCE still must comply with Eq. 4, although now the balance prevails only in the global sense (i.e., after integration over the entire plasmalemma). In fact, preferential localization of the reporter in regions of low [Ca 2? ] i is the likely explanation of other apparent violations of this theorem, including the observation of an unexpectedly low force response to a solution with elevated [Ca 2? ] in fibers with plasmalemma removed manually [8] .
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